We performed gene-based comparative FISH mapping between a wild silkmoth, Samia cynthia ssp. with a low number of chromosomes (2n=25-28) and the model species, Bombyx mori (2n=56), in order to identify the genomic components that make up the chromosomes in a low-number karyotype. Mapping of 64 fosmid probes containing orthologs of B. mori genes revealed that the homologues of either two or four B. mori chromosomes constitute the S. c. ricini (Vietnam population, 2n=27♀/28♂, Z0/ZZ) autosomes. Where tested, even the gene order was conserved between S. c. ricini and B.
Introduction
Genome rearrangements among species have been recently revealed by comparative genomic analyses. These showed that mammalian genomes have changed by reshuffling chromosomal segments from the common ancestral karyotype (Ferguson-Smith and Trifonov, 2007) , while birds show a high degree of collinearity among species (Ellegren, 2010) . In insects, comparative genome analysis among genome-sequenced 12
Drosophila species revealed that many orthologous genes mapped to the corresponding chromosomal arms but gene orders were scrambled between species (Ranz et al., 2001; Bhutkar et al., 2008) . The availability of fully sequenced genomes provides an opportunity to study chromosomal rearrangements and evolutionary relationship among related species in detail. Lepidoptera, moths and butterflies, consist of more than 150,000 species. They are the second largest order of animals (Kristensen and Skalski, 1999; Grimaldi and Engel, 2005) . Lepidoptera have holokinetic chromosomes like aphids and bugs, and share the sex chromosome system of female heterogamety with caddis flies (Trichoptera) (Traut et al., 2007) . The most common chromosome numbers of Lepidoptera range from n=28 to n=32 among the more than 1,000 species investigated 4 (Robinson, 1971) . There are, however, also species with lower or higher number karyotypes in Lepidoptera. Species with low or high-number karyotypes are thought to have evolved by chromosomal fusion and fission from the putative ancestor with n=31 chromosome number (Lukhtanov, 2000; Marec et al., 2010) .
Since the first lepidopteran genome, that of Bombyx mori, has been accessible in public databases, comparative mapping of genes was carried out against B. mori (n=28) by either linkage analysis (Beldade et al., 2009) or BAC-FISH ). These authors detected a high degree of conserved synteny and gene order between B. mori and two other species with the same chromosome number, Bicyclus anynana and Manduca sexta. Pringle et al. (2007) detected conserved gene order in Heliconius melpomene and suggested simple fusion events to account for the reduced chromosome number (n=21) of this species. These studies suggested an internal stability of lepidopteran chromosomes. DNA sequencing of each 15 selected BACs from Helicoverpa armigera and Spodoptera frugiperda also revealed a high degree of conserved synteny with only a few rearrangements between B. mori and the two noctuid moths, both of them having the supposed ancestral chromosome number (n=31) of Lepidoptera (d'Alençon et al., 2010) .
Samia cynthia, a wild silkmoth, belongs to the family Saturniidae which is closest to the family Bombycidae including B. mori. S. cynthia has a reduced chromosome number, ranging from 2n=25 to 2n=28 and is about half that of Bombyx mori. The variation is due to the variable sex chromosome constitution among geographic subspecies (Yoshido et al., 2005b) . Previous study proposed repeated autosome-sex chromosome fusions resulted in the variable sex chromosome constitution as found in S. cynthia subspecies . The sex chromosome constitution in S. c. walkeri (the ailanthus silkworm, Sapporo population) females is designated as neo-W and neo-Z chromosomes, which originated by fusion of the ancestral W and Z with an autosome pair (A 1 ). Then sex chromosome constitution (designated as neo-WZ 1 Z 2 ) in S. cynthia subsp. indet. (the shinju silkworm, Nagano population) females has been formed by next evolutionary step, in which neo-W chromosome fused with an autosome (A 2 ) and, consequently, its unfused homologue became a Z 2 chromosome. In S. c. ricini (the Eri silkworm, Vietnam population), no such fusion of sex chromosomes with autosomes occurred and, the sex chromosome constitution in females is Z0, which arose from ancestral WZ by a loss of the W chromosome. Hence, the chromosome number is 2n=27/28 in S. c. ricini with a Z0/ZZ, 2n=26/26 in S. c. walkeri with neo-Wneo-Z/neo-Zneo-Z, and 2n=25/26 in S. cynthia subsp. indet. with neo-WZ 1 Z 2 /Z 1 Z 1 Z 2 Z 2 sex chromosomes in female/males. 6 We show here by comparative gene mapping between S. cynthia subspecies and B. mori the internal stability of lepidopteran chromosomes even when low-chromosome-number karyotypes evolve by chromosome fusion. We constructed a fosmid-library of S. cynthia and carried out gene-based comparative FISH mapping between B. mori and the three S. cynthia subspecies. Sixty-four fosmid probes which contain orthologs of B. mori genes, cytogenetically identified all chromosomes of the S. c. ricini. Furthermore, fosmid-FISH mapping identified the gene order of the neo-sex chromosomes in S. c. walkeri and S. cynthia subsp. indet.
Materials and Methods

Insects
Samia cynthia was originally collected at three different locations: S. c. walkeri in Sapporo, Japan, S. cynthia subsp. indet. in Nagano, Japan, and S. c. ricini in Vietnam (for details, see Yoshido et al., 2005b) . For rearing, we released the hatched larvae on an Ailanthus altissima tree in a field of the Field Science Center for Northern Biosphere, Hokkaido University (Sapporo, Japan). 
Fosmid screening for FISH mapping
Sequence information of S. cynthia orthologs of B. mori genes was acquired mainly from the S. c. ricini EST database (http://silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/index.cgi) (Arunkumar et al., 2008) and NCBI Genbank. Because the orthologs of BR-C, laccase2, PKGIb and egg specific protein have not yet been recorded in any public database, we amplified segments of them by DOP-PCR. Degenerated oligonucleotide primers (Table   S1 ) were designed from regions conserved between B. mori and either Drosophila melanogaster and/or other lepidopteran species. The amplified fragments from S. c. 8 walkeri genomic DNA were cloned into pGEM T-easy vector (Promega KK, Tokyo, Japan) and sequenced with an ABI PRISM3100 Genetic Analyzer (Applied Biosystems, Tokyo, Japan) according to the protocol recommended by the manufacturer. Tblastn searches by KaikoBlast (http://sgp.dna.affrc.go.jp/KAIKObase/) showed 81.25%, 73.43%, 98.48% and 58.38% identities for the orthologs of BR-C, laccase2, PKG-Ib and egg specific protein respectively.
We then designed sequence-tagged site (STS) primers (Table S1) in S. c.
walkeri in order to isolate clones carrying the respective orthologs from the fosmid library. For the isolation we followed the 3-step method described by Yasukochi (2002) .
Briefly, the first PCR screening was done against DNA pools from 93 plates, a mixture of 384 fosmids from each plate. The second step was applied only to positive plates with the same size of PCR products as from genomic DNA. We performed PCRs against fosmid-DNA pools from 24 columns and 16 rows to determine the coordinates of the positive clone. In the last step, we individually repeated the PCR to confirm the positive selection. We also confirmed the positive selection by sequencing the PCR products. 9
Chromosome preparations
Spread chromosome preparations from females and males were obtained according to methods described in Sahara et al. (1999) and Yoshido et al. (2005b) . Briefly, gonads of the last instar larvae were dissected in a saline solution and fixed for 10-15min in Carnoy's fixative (ethanol, chloroform, acetic acid, 6:3:1). Testes but not ovaries were swollen for 10-15 min in a hypotonic solution (75mM KCl) before fixation. Cells were dissociated in 60% acetic acid and spread on a heating plate at 50°C. Then preparations were passed through a graded ethanol series (70%, 80% and 98%) and stored at -30 o C until further use.
Fosmid-FISH mapping
Fosmid-FISH was carried out according to the BAC-FISH method described in Yoshido et al. (2005a) with slight modifications. Fosmid-DNA was extracted with a Plasmid Midi kit (Qiagen GmbH, Hilden, Germany). DNA labeling was done by nick translation using Nick Translation Mix (Roche Diagnostics GmbH, Mannheim, Germany) with Green-dUTP, Orange-dUTP, and Red-dUTP (Abbott Molecular Inc., Des Plaines, IL, USA), and Cy5-dUTP (GE Healthcare UK, Buckinghamshire, UK). We used the reprobing protocol for Lepidoptera ) for karyotyping and, if more than four fosmid probes were mapped to a single chromosome. The S. cynthia ortholog of RpL4 was recovered by PCR with primers devised from the EST database (SilkBase) because we could not isolate a suitable fosmid clone in our library. Similarly, 18S rDNA was recovered by PCR. To prepare FISH probes, both were labeled with Orange-dUTP by PCR according to the method described in Yoshido et al. (2010) .
Denaturation of preparations was carried out at 72°C for 3.5 min in 70% formamide, 2×SSC, after the slides were passed through an ethanol series and air-dried.
For one preparation, we used a probe cocktail with 0.1-0.4μg each labeled DNA (see Table S2 ) and 3-10μg of unlabeled sonicated S. cynthia male genomic DNA in 10μl hybridization solution (50% formamide, 10% dextran sulfate, 2×SSC). Hybridization in a moist chamber at 37°C for 3 days was followed by washing at 62°C in 0.1×SSC, 1%
Triton X-100. The slides were counterstained and mounted in 30μl VECTORSHIELD with DAPI (Vector Laboratories, Inc., Burlingame, USA). Counterstained chromosome and hybridization signals were captured with a DFC350FX B&W CCD camera (Leica Microsystems Inc., Tokyo, Japan) described in Sahara et al. (2007) . The signal and chromosome images were processed by Adobe Photoshop according to Yoshido et al. (2005a) .
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Results
Isolation of S. cynthia fosmid clones containing orthologs of B. mori genes
We isolated a total of 71 fosmid clones by PCR-based screening using 66 STS primer sets (Table S1 ). The fosmid clones carrying the orthologs of B. mori genes were selected from each of the 27 B. mori autosomes and the Z chromosome (Table 1) .
Identification of individual chromosomes in S. cynthia ricini
To identify individual bivalents in S. c. ricini, we carried out FISH mapping on pachytene nuclei using the S. c. walkeri fosmid probes. In total, 64 fosmid clones mapped to single locations of S. c. ricini chromosomes (Fig. 1, Table 1 ). Although the clones used were from S. c. walkeri, the hybridization signals were strong enough in the other S. cynthia subspecies. This enabled us to identify the 13 autosomal bivalents and the Z chromosome of the S. c. ricini karyotype (Fig. 1) and their correspondence to B. mori ( Table 1) . Three of the fosmid probes produced multiple signals (Table S2 ) and, hence were discarded from further experiments.
The Z chromosome of S. c. ricini was recognized only by probes which 12 contained orthologs of B. mori Z chromosomal genes. Of the 13 S. c. ricini autosomes, ten corresponded to two B. mori different autosomes each (Fig. 1, Table 1 ). There were three exceptions. One was chromosome 1 of S. c. ricini which corresponded to four B. mori chromosomes, 2, 20, 26, and 27. The others were chromosomes 11 and 12.
Chromosome 11 of S. c. ricini corresponded to B. mori chromosome 24 and a part of B. mori chromosome 11. S. c. ricini chromosome 12 corresponded to B. mori chromosome 21 and the other part of B. mori chromosome 11. In those cases where we used more than two probes (B. mori chromosomes 8, 11, 12, 15 and 19), even the gene order was conserved between the component parts of S. c. ricini chromosomes and the B. mori chromosomes. We confirmed that S. c. ricini chromosome 11 was the chromosome carrying nucleolar organizer region (NOR) by mapping the 18S rDNA fragment to that chromosome ( Fig. 1) . Our previous data of B. mori BAC-FISH revealed that the B. mori NOR located somewhere between RpL4 and Topo II . In S. c. ricini, however, the signal of 18S rDNA (white signal of Chr11 in Fig. 1) was detected in the region between the RpL4 ortholog and the P450 ortholog. The result reveals that a limited repositioning of the NOR has occurred in the B. mori or S. c. ricini phylogenetic lineages. 13
Fosmid-FISH karyotype of Samia cynthia
For karyotyping, i. e. identifying all chromosomes of a set, we used a total of 22 fosmid probes (Fig. 2, Table S2 ). We identified 11 autosomal bivalents (Chromosome 2-10, 12 and 13) in a first round of FISH. They were distinguished by the color combination of the probes, or by the different signal position when they had the same color combination (chromosome 2 and 6, 3 and 5, 9 and 12). To recognize the remaining chromosomes 1, 11 and Z, we reprobed the slides in a second round of FISH. In addition, we used two probes for chromosomes 2 and 3 to confirm results of the first round. In this manner, we identified all 13 autosomal bivalents and the Z univalent, and hence definitively karyotyped the S. c. ricini pachytene complement (Fig. 2) .
Sex chromosome variation in S. cynthia subspecies
We also carried out fosmid-FISH mapping in the other two S. cynthia subspecies, S. c. walkeri (Sapporo population) and S. cynthia subsp. indet. (Nagano population). The homologue of S. c. ricini chromosome 13 forms the neo-sex chromosomes (the segment of autosomal origin) of S. c. walkeri and S. cynthia subsp. indet. (Fig. 3b, c) . In S. cynthia subsp. indet., the homologue of S. c. ricini and S. c. walkeri chromosome 12 contribute an additional segment to the neo-W and the Z 2 chromosome (Fig. 3a, c) . The 14 results confirm the step-by-step evolution of sex chromosome recently proposed by Yoshido et al. (2010) in these S. cynthia subspecies. Our results also show that the gene order is strictly conserved between the respective segments of autosomal origin in neo-sex chromosomes from the Japanese subspecies of S. cynthia and the homologous autosomes of S. c. ricini and B. mori (compare Figs. 1 and 3) .
Discussion
We show here that each chromosome of S. cynthia can be reliably identified by FISH, using fosmid probes. A selected set of 22 probes from a genomic fosmid library was sufficient to karyotype S. cynthia (Fig. 2) . Fosmid clones have been used as reliable cytogenetical markers for FISH karyotyping in animals and plants (Zhang et al., 2008; Dalzell et al., 2009; Liu et al., 2010) . However, this is the first application of fosmid-FISH in Lepidoptera and -as far as we know -in all insect. Because constructing a fosmid library is easier than a BAC library, FISH with fosmid clones will accelerate gene mapping in Lepidoptera.
Fosmid-FISH clearly revealed that gene order of S. c. ricini chromosomes 12 and 13 was conserved in the corresponding parts of the neo-sex chromosomes of S. c. walkeri and S. cynthia subsp. indet. (Fig. 3) . Consequently, the step-by-step evolution of the sex chromosome system as proposed by Yoshido et al. (2010) in the three S. cynthia subspecies has been fully confirmed in the present study. In addition, comparative gene mapping of their chromosomes shows a high degree of collinearity between the S. cynthia subspecies and B. mori (Fig. 3) .
The supposed ancestral chromosome number in Lepidoptera is n=31 (Robinson, 1971; Lukhtanov, 2000; De Prins and Saitoh, 2003) . B. mori (n=28) is rather close to the ancestral chromosome number. We show here that the autosomes of S. cynthia are composed of either two or four B. mori homologues, apparently complete the karyotype, with one exception (see next paragraph). Thus the low number-karyotype of S. cynthia was indeed formed by multiple chromosome fusions. The same explanation was also proposed by Pringle et al. (2007) for the decreased chromosome number (n=21) of the H. melpomene karyotype. The fusion partners, however, were different in the two species (Fig. 1, Table 1 ). Hence, the fusion events in S. cynthia have happened independently from those in H. melpomene.
The exceptional autosome, B. mori chromosome 11, appeared to have split to contribute to two S. cynthia chromosomes, S. c. ricini chromosome 11 and 12. In fact, B. mori chromosome 11 itself is probably the fusion product of two separate ancestral chromosomes, as it was found homologous to two autosomes in yet another species, Manduca sexta . Thus, S. c. ricini chromosome 11 and 12 are probably also the fusion products of two entire ancestral chromosomes each.
B. mori has a single NOR which is located in chromosome 11 (Yoshido et al., 2005a) . According to our BAC-FISH mapping, the rDNA repeats in B. mori locate somewhere between RpL4 (position 2.86 Mb in Kaikobase) and Topo II (position 8.6
Mb in Kaikobase). Although a single NOR was also observed in S. c. ricini (Fig. 1) , it maps to a region between the orthologs of B. mori RpL4 and P450 (in B. mori at position 2.86 Mb and 1.27 Mb of chromosome 11, respectively) ( Table 1 ). The inverted order of RpL4 and NOR in S. c. ricini may be due to a rearrangement accompanying the fusion process or to NOR transposition. In M. sexta, the single NOR also had an altered position relative to B. mori . Transposition or translocation of rDNA appears to be a rather common event in insects (Roy et al., 2005; Cabrero and Camacho, 2008; Nguyen et al., 2010) and plants (Schubert and Wobus, 1985; Dubcovsky and Dvořák, 1995; Datson and Murray, 2006) .
Gene order is well conserved between B. mori chromosomes and the corresponding chromosome segments in S. cynthia. We detected no change in the order of orthologous genes in all cases in which the order could be inferred from mapping more than two probes (see Fig. 1, chromosome 5, 7, 12 and 13, and Table 1 ), the only exception being the rDNA locus. Gene-based comparative mapping has so far revealed that the gene order in B. mori (n=28) and either H. melpomene (n=21) (Pringle et al., 2007) , B. anynana (n=28) (Beldade et al., 2009) or M. sexta (n=28) ) was rather well conserved too, with only a few translocations, inversions and fusion/fission events. In S. cynthia, even though the autosomes had undergone fusion events in their evolutionary history, gene order was conserved in the corresponding chromosome parts.
In contrast, the relationships of genomic components among dipteran species (fly and mosquito) based on genomic sequence resources have revealed higher degree of rearrangements. Comparative genome analysis in dipterans species, D. melanogaster, Anopheles gambiae, Aedes aegypti showed shuffling of gene order with only conservation of microsynteny among species (Zdobnov et al., 2002; Nene et al., 2007) .
Among more closely related species in genus Drosophila (12 species) or in genus Anopheles (2 species), their gene order has been also shuffled along corresponding chromosomal arms (Ranz et al., 2001; Sharakhov et al., 2002; Bhutkar et al., 2008) .
Taken together, in dipteran species, inter-and/or intra-chromosomal rearrangements may have been frequently occurred in evolutionary history. Hence, higher degree of internal stability in the lepidopteran chromosomes is rather surprising.
Both phenomena, conserved synteny of whole chromosomes and conserved gene order, were also observed in birds. Conserved gene order in the avian large autosomes, the so-called macrochromosomes, has been revealed by gene-based molecular linkage analysis (Backström et al., 2006 (Backström et al., , 2008 Stapley et al., 2008) . Collinearity of the small chromosomes, the so-called microchromosomes, between chicken and turkey (Meleagris gallopavo) has also been detected (Griffin et al., 2008) . A recent genome sequence comparison between chicken and zebra finch (Taeniopygia guttata) disclosed high homology between 6 chicken and 8 zebra finch macrochromosomes (Ellegren, 2010) . Although inverted order of chromosomal segments and fusion/fission events are apparent between the distantly related bird species, the degree of synteny is high among birds. Ellegren (2010) attributed the stability of chromosomes to the lower density of interspersed repetitive elements in birds, approximately 10% in the chicken genome compared to 40-50% in other sequenced animal genomes. The lower density is supposed to reduce the possibility of chromosomal rearrangements mediated by repeat elements.
This explanation does not hold true for the conserved synteny and gene order in Lepidoptera. The B. mori genome contains 43.6% interspersed repetitive sequences (The International Silkworm Genome Consortium, 2008) . There is also another reason to expect even more rearrangements than in other animals. The holokinetic chromosome structure of Lepidoptera (Murakami and Imai, 1974; Traut, 1986; Wolf, 1996) should stand more chromosomal rearrangements than the common monocentric structure (see discussion in Yasukochi et al., 2009 ). Since fragments of holokinetic chromosomes can survive during cell cycles (Fujiwara et al., 2000) or even several generations (Rathjens, 1974; Marec et al., 2001) , the risk for lethality is much lower. It is the more surprising that Lepidoptera exhibit conserved synteny and high stability of gene order within chromosomes. It is open to which property of the genome or chromosome structure the Lepidoptera chromosomes owe their stability. Table 1 and Table S2 . fosmid were hybridized to this complement (for details, see Table 1 and Table S2 ). (b)
Figure legends
Thirteen autosomal bivalents and the Z-chromosome univalent of the same postpachytene complement as in (a) arranged according to their chromosome numbers Table 1 Summary of FISH mapping of Samia cynthia fosmids, containing orthologs of Bombyx mori genes; the fosmids are listed acccording to the order of corresponding hybridization signals in a particular chromosome (see Fig. 1 
